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Abstract 
Significant numbers of materials in the food, chemical and pharmaceutical industries, from raw feeds, additives and intermediates 
through to manufactured products, are sold as free-flowing, easily processable powders.  However, for logistical reasons, these 
materials are often stored for extended periods during processing and some will gain strength during such storage periods due to 
particle/particle interaction.  This is generally referred to as ‘caking’ and can significantly limit the ability of a powder to pass 
uninterrupted through the process and can detrimentally impact product quality.  
This paper will evaluate the change flow properties of powders subjected to moisture.  It will show how the propensity to cake 
can be effectively quantified with respect to the powders’ flow properties and how this can assist with understanding and 
adapting the processing environment to retain optimal processability.  Moreover it will show how in some cases caking is not a 
homogeneous progression and how such non-homogeneity can be evaluated and quantified.   
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1. Introduction 
Bulk solids handling is the world’s largest industrial activity [1].  The vast majority of materials in the food, 
chemical and pharmaceutical industries (from raw materials, additives and intermediates through to manufactured 
products) are supplied as relatively free-flowing powders, intended to be suitable for the manufacturing process or 
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final application.  For many logistical reasons however, these materials will often have to be stored for extended 
periods, during which time some powders have the potential to gain strength due to prolonged and undisturbed 
particle/particle interactions.  This is generally referred to as ‘caking’ and can significantly limit the ability of a 
powder to pass through the process train without interruption as well as detrimentally impacting product quality.   
Caking occurs via one or more of a number of mechanisms; mechanical, thermal, environmental and/or chemical 
[2-5].  The absorption/migration of atmospheric water is the most common and it is this interaction which is 
reviewed in this study.   
Control of in-process caking due to interaction with atmospheric moisture can be achieved by managing 
environmental conditions, but this is expensive and alternative, lower cost strategies are invariably employed.  These 
include periodic cycling of silo discharge systems to ‘loosen’ the sample or the use of anti-caking agents.  Thus, 
accurately quantifying unacceptable characteristics and how quickly a powder develops additional strength is vital to 
the process designers and operators to specify and optimise control measures.   
However, regardless of the mechanism, determining the precise operational conditions that minimise the potential 
for caking requires a comprehensive understanding of the changes in flow properties that occur as a consequence of 
such caking.   
Existing studies have restricted their investigations to evaluate single influences on powder caking such as storage 
time [3] or humidity [4-6].  In most instances, these studies have assumed that caking is a steady state process 
whereby all the powder subjected to atmospheric moisture over time will gain strength homogeneously, or have used 
testing methodologies which cannot differentiate the effects of non-homogeneity.   
Whilst for many powders homogeneous caking may well be typical, this study will show is that some materials 
have a tendency to develop a localised cake, or crust at the powder/air interface.  This non-homogeneity can be hard 
to identify, let alone quantify but the advent of powder rheometry [7] allows formulators and process engineers the 
capability to measure dynamic powder characteristics that can quantify the progression of caking – for example, as a 
function of time, humidity and/or consolidation stress – as well as being able to identify and quantify non-
homogeneous caking. 
 
Nomenclature 
BFE Evaluated by rotating a precision blade down a helical path through a fixed volume of powder.  During this 
downward traverse, the torque and axial force acting on the blade is measured and the resistance to flow in 
this dynamic state is calculated and expressed as a flow energy. 
 
2. Methods and means 
Two powders were chosen to evaluate the effect of environmental moisture and time on non-homogeneous 
caking – skimmed milk powder (SMP) and sulphonated methyl ester (SME).  The behavior of these samples is 
contrasted with materials that show homogeneous caking behaviour – mannitol and sorbitol. 
An FT4 Powder Rheometer® (Freeman Technology), shown in Fig. 1 (far left), was used to evaluate the 
rheological behaviour of the powders by measuring the flow energy of the samples before and after caking to 
quantify the resistance to flow.  The flow energy results are obtained by means of a patented measurement principle 
that evaluates the resistance to the motion of a specially shaped twisted blade passing through a precise volume of 
the sample along a prescribed path.  The required torque and force are recorded and converted into a flow energy [7].  
The repeatability of all of the measurements was enhanced by the use of a conditioning cycle which removes 
packing history and operator induced variability.  Conditioning was undertaken on all samples prior to being 
subjected to the range of modified environments which are used to induce caking in this study. Samples were placed 
into a 25mm x 25ml cylindrical vessel and initially conditioned, using a powder rheometer, by passing a specially 
shaped blade through the powder in a prescribed manner.  This creates a stable, uniform and, most importantly, 
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repeatable stress state within the sample.  Excess material was removed to generate a 25ml test sample which was 
then stored in a controlled humidity environment for pre-determined time periods.   
 
 
Fig. 1. Measurement of flow energy using the FT4 Powder Rheometer® 
Ideally samples should be subjected to the local level and cycling of humidity that they would experience during 
their processing.  However, in many instances the equipment to generate fully representative atmospheres, such as 
an electronic/automated humidity chamber, is not available.  A viable alternative is to store the sample in a vessel 
with a fixed level of humidity.  Whilst humidity cycling is not practical using this method, it is arguably a way of 
generating a ‘worst case scenario’ and allows for a safety margin to be automatically incorporated in the results. 
Generating an atmosphere with a fixed humidity is possible by means of saturated salt solutions in a suitable 
sealed vessel, such as a desiccator (Fig. 2).  For this study, the humidity levels were created at equilibrium moisture 
levels of 53% and 75%RH using saturated salt solutions of magnesium nitrate and sodium chloride [8].   
Fig. 2. Typical set-up for humidity equilibration using a saturated salt solution and desiccator. 
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The samples were stored for periods of six days in one day increments.  This timeframe was chosen as the best 
balance between being representative of longer storage time in industry and the development of an excessively 
strong, and thus unmeasureable, cake.  The caked samples were then tested using the FT4 Powder Rheometer by 
employing the same specially shaped blade (but moving along a different, more aggressive path) and measuring the 
resistance to its motion from the caked sample.  Fig. 3 shows the test methodology/protocol.  Each test condition 
was evaluated three times to assess the degree of repeatability. 
Fig. 3. Schematic of the experimental set up used to evaluate moisture migration and crusting behaviour  
and caking mechanisms, once the test vessel is filled, the sample is conditioned to obtain  
a uniform packing structure.  The vessel is then split to ensure a uniform bed height/test volume. 
An additional advantage of using these cylindrical test vessels is that the interface at which the powder is exposed 
to the altered level of humidity better simulates the storage of the powder in a silo or bunker.  Experimental systems 
that expose the sample evenly to the humid atmosphere or even force humid air through the powder do not properly 
represent the conditions that are seen during the actual processing of the powder in a production plant environment.  
These alternative techniques may generate results which are not representative of actual in-plant behaviour and thus 
less valuable for relevant process design/operation optimisation. 
3. Results and discussions 
3.1. Samples which cake homogeneously 
The sorbitol (C*Sorbidex- Cargill) sample showed what was initially considered the expected response (based on 
the literature [4, 9]).  As can be seen from the total energy trace (Fig. 4 (a)), there is a steady progressive increase in 
the resistance to the motion of the test blade.  This is reflected in the calculated BFE (Fig. 4 (b)) which shows that 
there is a linear response in the increase in flowability energy with time up to a period of six days storage.   
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Fig.4 Results for sorbitol samples stored between 1 and 6 days at 75%RH (a) Energy Profiles; (b) Energy progression 
The mannitol (C*Mannidex – Cargill) initially showed a slightly unusual response in that it rapidly attained a 
stable level flowability energy when exposed to an atmosphere of 75%RH and then remained at a consistent (within 
4%) flow energy for all the exposure periods (Fig. 5).  
 
Fig 5. Results for mannitol samples stored between 1 and 6 days at 75%RH (a) Energy Profiles; (b) BFE progression 
However when the humidity level was reduced to 53%RH the linear progression was also observed (Fig. 6).   
Fig. 6.Energy profiles of mannitol at 53%RH (a) and comparison of BFE progression for mannitol at 53%RH and 75%RH (b) 
(a) 
(a) 
(a) 
(b) 
(b) 
(b) 
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To summarise, both samples showed a progressive increase in energy as a result of a homogeneous uptake of 
moisture at 75%RH (sorbitol – Fig 4 (a)) and 53% RH (mannitol – Fig 6(a)) as can be seen by the progressive rise in 
the energy curves as time increases.  The mannitol also rapidly reached a level of saturation beyond which there was 
no significant variation in BFE when exposed to a 75%RH atmosphere (Fig.5).  This suggests two conclusions can 
be reached; firstly the mannitol absorbs moisture much more readily than the sorbitol; and secondly that perhaps 
these samples do not produce a ‘caked structure’, they are merely more resistant to flow due to presence of liquid 
bridges between the particles [9-10].   
 
Fig. 7. Comparison of fresh sorbitol with material exposed to 75%RH  
and emphasising the reversibility of the change in energy  
once the sample is returned to ambient conditions 
To support this postulate, a sample of the sorbitol was returned to ambient conditions following exposure to 
75%RH.  As can be seen from Fig. 7, the flow energy returned to the same level as the ‘as received’ sample 
confirming that this process is reversible and the increase in flow energy (decrease in flowability) is likely due to 
liquid bridging alone and no permanent change to the structure of the sample has occurred.  
3.2. Samples which cake non-homogeneously 
Some samples interact with the ambient moisture in a completely different way.  Non-homogeneous caking 
behavior was first observed and evaluated in a SMP sample.  Analysis of the flow energy data with respect to 
position of the blade provides strong evidence of localised caking within this material at 53 and 75% relative 
humidities which is initiated at the powder/air interface (crusting).   
Where samples exhibit localised crusting, a peak in the force and torque measurements (Fig. 8) and subsequent 
energy calculation (Fig. 9) is observed when the sample is evaluated using powder rheometry.   
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Fig. 8. Example Torque and Force measurements for the ‘as received’ repeated samples (blue and green traces) and repeated  
crusted samples (red and pink traces) which demonstrates the presence of a stronger layer of powder between 30-50mm height. 
 
Fig. 9. Example energy trace for SMP, the area under the peak (curve) is used to calculate the energy of the crust. 
It is therefore possible to easily evaluate both the strength and the depth of such a crust and thus mechanistic and 
kinetic information relating to the water migration processes can be established. 
In the example in Fig. 8, the data exhibits significant peaks in both torque and force between the top and bottom 
of the crust at ~50mm and ~29mm respectively and this is due to increased resistance of this layer to the movement 
of the blade.  Once the blade has passed through the crust, then both the torque and force measurements show 
virtually identical levels to the ‘as received’ sample, thus precisely defining the extent and resistance of the crust. 
Other testing methods commonly used to evaluate the flow properties of powders following caking [3, 11-14] are 
unable to capture this asymmetrical caking behaviour.  Shear cells, for example, do not uniformly expose the 
test/failure zone to the atmosphere when holding the sample in its pre-sheared state (under consolidating load).  The 
subsequent test phase is also unable to differentiate variation in caking structure as the resultant shear stress is 
reported as an average of the stress over the shear failure plane.  Thus any variation in the caking through the sample, 
or indeed the shear zone, is not captured when the sample is sheared to failure.   
Similarly the evaluation of caking using pseudo uni-axial testers has limitations [14].  These techniques pass 
humid air through the sample and then evaluate the stress required to fail the resultant column of caked powder.  
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This technique, like the shear test, assumes uniform development of a homogeneous cake and provides an averaged 
value; if the cake forms at the base of the sample, close to the point of introduction of the humid air, (i.e. it crusts) 
and does not develop in the rest of the test sample, there is a considerable chance that any test results may suggest 
that no caking at all has occurred.   
However, it is possible to evaluate the data from powder rheometry to calculate both the resistance of the crust 
(area under the energy curve with respect to the un-caked sample) and depth of crust (the depth to which a caked 
sample shows increased flow energy with respect to the remainder of the sample) and with respect to the time the 
samples are exposed to a constant humidity environment, as demonstrated for a skimmed milk powder sample in 
Figs. 10 (a) and (b).  Here the samples were exposed to constant humidities of 53% and 75% from 1 to 6 days. 
 
Fig. 10. Total energy measurement (force + torque) vs. height for SMP samples stored between 1 and 6 days at (a) 53%RH and (b) 75%RH. 
At first glance, the profiles of the two sets of peaks appear to be significantly different with a bias towards the 
top of the crust being strongest for the 53%RH condition to a bias with the bottom of the crust being stronger in the 
75%RH condition.  This may be a function of the relative permeability of the caked and un-caked sections of the 
sample at the higher humidity, perhaps suggesting a different mechanism for the development of the cake at the two 
different humidity levels.  However, if the data from the two humidity levels are superimposed, as shown in Fig. 11 
for specific exposure periods, then it can be seen that the extent and strength of the cake is significantly greater 
when the sample is exposed to the higher humidity environment.  
 
Fig. 11. Comparison of the energy of the crust formed in SMP at 53% RH (Blue Trace) and 75%RH (Red Trace) for (a) 2 days; (b) 4 days. 
(a) 
(a) 
(b) 
(b) 
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It is possible that, given sufficient exposure time, the 53%RH sample may also develop the same caking 
structure as the 75%RH sample, but measurements at additional humidity levels and for much longer exposure 
periods would be required to fully confirm this postulate and are outside the scope of this study. 
If the graphs for the progression of the depth of crust and the energy of the crust are compared (Fig. 12 (a) and (b) 
respectively), it can be seen that whilst the extent to which the SMP crusts is not dissimilar between the two 
conditions, the relative energy is significantly higher for the 75%RH condition and shows a linear increase.  The 
53%RH condition does, however, show an accelerating increase in the crust strength and this does generally support 
the supposition that the crust strength would match that of the 75%RH condition given sufficient time.  Whilst 6 
days is not an atypically long time for powders to be at rest in process plant storage facilities, longer time period 
would simulate shipping periods for internationally traded materials – of which SMP is one.  Thus although the 
evaluation of this material for even longer exposure periods is justifiable, it is beyond the scope of this study.   
The implications for storage are clear, if the ambient humidity is around 75%RH then allowing SMP to remain 
stationary for periods greater than a day will result in a crusted layer developing.  At the lower level of 53%RH the 
SMP could potentially be allowed to remain stationary for up to six days before the same strength crust develops. 
 
Fig. 12. Comparison of the depth of the crust (a) and BFE of the crust (b) formed in SMP at 53% RH (Blue Trace) and 75%RH (Red Trace)  
The SME sample shows hybrid behavior, whereby a crust is formed but the migration of moisture through the 
crust also interacts with the powder beneath, further reducing its flowability.   
Fig. 13. Results for SME samples stored between 1 and 6 days at 75%RH (a) Energy Profiles; (b) BFE and Depth of Crust progression 
(a) 
(a) 
(b) 
(b) 
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This can be seen in Fig. 13 (a) where there is a distinct and increasing energy peak at the top of the powder 
sample, but also a progressive increase in the flow energy below the crust.  This makes the determination of the 
depth of the crust (Fig 13 (b)) less straightforward and, for the purposes of this analysis, it was taken as the point at 
which the flow energy profile parallels that of the fresh sample.   
The energy of the crust is also shown in Fig. 13 (b) and this shows a similar linear progression as the SMP 
powder for this level of humidity.   
As with the SMP, allowing the sample to remain stationary for longer than two days will result in the formation 
of a caked crust which could potentially result in flow interruptions and/or lower product quality. 
4. Conclusions 
Over time, the physico-chemical nature of some powders subjected to humidity and/or temperature and/or stress 
can result in an increase in the strength of a powder.  This can occur through a number of mechanisms which are 
clearly not limited to any one of these external factors alone but can have a significant impact on the flow properties 
and hence processing behaviour and final product quality.   
The evaluation of a range of materials in this study has shown that the influence of increased humidity over 
extended storage periods increases the cohesive interactions (the strength) within the powder but does not 
necessarily occur in a homogeneous manner.  Where homogeneous interaction of the powder with a humid 
atmosphere occurs, the increase in strength is progressive and can be reversed in some cases for the samples 
evaluated in this study.  However non-homogeneous interaction results in a truly caked structure whereby a crust is 
formed at the interface of the powder and the humid atmosphere.  Furthermore, this study has also shown it is 
possible to identify and quantify the phenomenon of non-homogeneous crusting. 
Whatever the type of caking or its mechanism, the propensity of a powder to gain strength can be effectively 
quantified with respect to the powders’ flow properties and this, in turn, can assist with understanding and ultimately 
adapting the processing environment and/or the formulation of the powder to limit caking and retain optimal 
processability to allow a high and consistent product quality. 
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